Objective: To study eye movements during cervical proprioceptive stimulation by passive body rotation in darkness, with the head held stationary, in patients with right brain damage and hemineglect.
Patients with unilateral spatial neglect, which occurs predominantly after right hemisphere damage, are frequently not able to explore the contralesional part of their extrapersonal space. [1] [2] [3] [4] Exploratory eye movements in patients with neglect have been studied thoroughly in static conditions (with stationary head and trunk) but it should be noted that vestibular, optokinetic, and neck proprioceptive stimulation may modify some aspects of the neglect syndrome. [5] [6] [7] [8] Therefore, the study of multisensory integration in these patients might reveal mechanisms underlying space-related behavioral changes that are produced by unilateral cerebral lesions.
It has been hypothesized that the essential factor leading to neglect in brain-damaged patients is an ipsilesional deviation of a body-centered coordinate system. 8 However, besides the ipsilesional deviation of a subjective midsagittal plane, unilateral cerebral lesions also seem to disturb some integrative hemispheric functions related to the gaze control system. The dominance of the right hemisphere for attentional/intentional mechanisms directed at external space 1 might involve as well the coordinating behavior of eye and body movement in space. For example, single cell recordings in the posterior parietal cortex of primates showed that neuronal activity in this area can be modulated by eye, head, or shoulder rotation. 9 It is also known from stimulation of the cerebral cortex of epileptic patients that a local cortical discharge can result in conjugate deviation of both the eyes and head. 10 In patients with neglect, however, few and conflicting data are available concerning the sensory processing involved in coordinating the eyes, head, and trunk. 11, 12 Here we studied oculomotor behavior in patients with unilateral cerebral lesions during cervical stimulation in darkness. We focused our analysis on the compound ocular response (eye deviations), which is a result of the summation of both fast and slow phases of eye movements and can define an orientation strategy. [13] [14] [15] [16] It is known that very slow trunk rotations with the head held earth-fixed evoke in normal subjects a strong illusion of head turning in space and anticipatory eye deviations in the direction of the illusory head rotation. 13, 17 To elicit such illusions, angular velocities and accelerations must be below threshold for the vestibular system (see reference 18) . For very slow trunk rotations, the brain cannot distinguish which body segment (head or trunk) is immobile. Therefore, the system of internal representation tends to consider the trunk linked to the support to be stationary in space. We took advantage of this phenomenon to investigate the perceptual responses and accompanying eye movements in patients during pure neck somatosensory stimulation, in the absence of visual and vestibular input.
Methods.

Patients.
Seven right-handed patients with unilateral cerebrovascular lesions were studied: four right brain-damaged (RBD) patients with moderate neglect, one RBD patient without neglect at the time of testing, and two left brain-damaged (LBD) patients without neglect. All were engaged in a motor and/or neuropsychological program at the University Hospital of Geneva. All the patients, even aphasics, could understand the instructions and gave written consent. Table 1 summarizes data relative to the patients: age, length of illness, locus of the lesion assessed on the basis of CT examination, and neuropsychological evaluation. Extrapersonal neglect was assessed by a star cancellation 19 and a line bisection task (five trials). 20 Personal neglect was assessed by an internally developed body-midline judgment task. In this task, the subject was asked to determine when a stylus displaced horizontally from one shoulder to the other reached the middle of his or her back. Ten trials were given to each patient, starting either from the right or the left shoulder. Neglect examination revealed interindividual differences between the RBD patients (see table 1 ): one of them did not show any sign of either personal neglect or of extrapersonal neglect. In contrast, another patient presented symptoms of neglect in both personal and extrapersonal spaces. The three remaining patients demonstrated extrapersonal neglect in one or both of the tasks, without manifestation of personal neglect. The two LBD patients did not show any manifestation of neglect in both types of tasks (see table 1 ). At the time of the experiment, all patients had at least some sensory-motor deficit except Patient 6, who had a mild hemiparesis without sensory deficit. Patients 1 and 3 had left hemianopia; the other patients had an intact visual field. Table 1 . Clinical data concerning five right brain-damaged and two left brain-damaged patientsDelay refers to the delay in weeks between the stroke and the experimental session. Locus of cerebral lesion is indicated as follows: P = parietal; T = temporal; F = frontal; CN = caudate nucleus; BG = basal ganglia; Th = thalamus; cps = capsular. Neglect on admission was diagnosed on the basis of a standardized battery of examinations, which included drawing, copying tasks, and a line bisection task. Scoring: 0 = absent; 1 = mild; 2 = moderate; 3 = severe. On experimental session, extrapersonal and personal neglect were assessed. Extrapersonal neglect was quantified by the number of omitted items (significant if >2) on the side contralateral to the lesion (first line) and by deviation (significant if >1 cm) from the true center of 20.6 cm lines (second line). Personal neglect was quantified by the deviation from the real midline of the body (+ deviation to the right; -deviation to the left, significant if >1 cm).* Results considered significant.
Ten normal right-handed healthy subjects (mean age 42 ± 15 years, 4 female and 6 male) were tested and compared with the group of patients. They had no history of neurologic or vestibular disorders. Informed written consent was obtained from all patients and normal subjects.
Experimental setup.
Experimental procedure consisted of trunk rotation with head stationary with respect to earth. The subjects were seated on a rotating chair in an upright position blindfolded with eyes open. The head was aligned with the axis of rotation. The subject wore a light helmet and the head was maintained gently fixed in space manually by the experimenter. The head fixation prevented vestibular end-organ stimulation. Thus, a pure neck stimulation occurred during these trunk-on-head rotations. Stimuli were sinusoidal chair rotations (±30°, 0.01 Hz) about the primary position. Peak velocity corresponded to 2°/second. Chair rotations were achieved by a servo-controlled motor. The accuracy of head fixation in space was estimated in two normal subjects by projecting a small light source attached to the subject's head onto a wall (distance 1.5 m). Visual inspection by an experimenter revealed that, during neck stimulation, head movements in space did not exceed ± 1°. Thus, the contribution of the vestibulo-ocular reflex to eye movements due to imperfect head-in-space stability seemed to be insignificant. It is also worth stressing that eye movements in the direction of illusory head rotation are typical for normal subjects for very slow trunk-on-head rotations and were reported in other studies with different kinds of head fixation (manually, using a helmet; see references 13 and 17) . The recording of each trial lasted 200 seconds. This period covered two full cycles of sinusoidal movement. Subjects were instructed to relax and not to resist the imposed rotations. No instructions were given about gaze fixation in order to measure "natural" eye movements during this task. It is known that asking subjects to imagine a visual target can change significantly eye movements elicited by neck torsion (see reference 13) . After each trial, subjects were asked for comments about their sensations of movement. We also asked them to mimic the movement by manipulating a simple cut-out figure of the head and trunk to obtain an admittedly crude but objective measure of their perception. These artificial models of the subject's head and trunk (similar to those displayed in the figure, bottom) were made of cardboard and mounted on a small square tablet (30 × 30 cm). The axes of head and trunk rotation were collinear. Normal subjects and patients with right brain lesions used the right hand to manipulate the model while the experimenter kept the tablet in a horizontal position in front of them. Patients with left brain lesion (and right hemiparesis) used the left hand. This subjective amplitude (expressed in degrees) of head or trunk rotation was measured by a protractor. Horizontal eye movements were measured by means of an infrared video-nystagmographic technique (Veonysä, France) and recorded on a personal computer with a sampling rate of 50 seconds -1 . The resolution and bandwidth of the video-based eye movement recording system were 0.08° and 0 to 25 Hz, respectively. Deviation from linearity for eye deviations of lower than 25° was less than 5%. The subject wore light goggles with an attached video camera recording the right eye and the left eye was blindfolded. Calibration of eye movements was performed before each trial in the following way. First, the left blindfold was removed. Then the subject had to fixate alternately two red light spots (8 mm, at a distance of 1.5 m) 20° to the left and to the right respectively. The video camera recorded the position of the right eye. A special caution was undertaken for eye response calibration in RBD patients as three of them had difficulties with fixating the target in the left hemispace. In this case, calibration was performed in the visual field localized to the right of the body's sagittal midplane (0 and 20° to the right). The light helmet for manual head fixation was mechanically independent of goggles with the attached video camera and, thus, the pressure applied to the subject's head (to immobilize it) could not cause significant displacements of the eye movement system with respect to the subject's head. We verified a possible contribution of goggle displacements during slow trunk rotations in two normal subjects, asking them to fixate a visual target (at a distance of 1.5 m) with the left eye while recording the movement of the right eye. Eye deviations were rather small (the fundamental harmonic of eye movements did not exceed 2°).
Data analysis.
Before analyzing eye movements, all artifacts due to blinking were deleted manually and the gaps were filled by straight lines. Fourier analysis was used to calculate the amplitude and phase shift of the fundamental frequency of the eye movement signal relative to the chair sinusoidal movement. The gain was defined as the ratio of this amplitude to the amplitude of chair movement. The percent variance of the original signal (X i) accounted for by the fundamental harmonic (F0 i) was taken as a measure of goodness of fit:MATH where n is the number of points in 1 cycle and k is the number of cycles included in the analysis (n = 50 Hz · 100 s, k = 2). Also, the mean eye-in-orbit position was calculated for each subject over the two cycles of chair movement to assess whether eye movements during cervical stimulation in darkness were deviated toward the ipsilesional side in patients.
Equation U1
Results.
All normal subjects perceived an "illusory" head rotation in space during slow chair movements (as if the trunk was stationary relative to the room). Interestingly, subjects overestimated the actual amplitude (30°) of head rotations relative to the chair (head-on-trunk rotations): they indicated the angle 57 ± 19° (from 30° up to 90°). The figure allows a comparison of typical eye movements obtained from three normal subjects (NS1, NS2, NS3) and patients. On the record of subject NS1, the eye showed a small amplitude (less than 3°) horizontal nystagmus for which the slow phase (less than 0.7°/second) depended on the direction of movement. This nystagmus is less apparent in other subjects. In addition to the nystagmus, large saccades could be seen (asterisks in the figure) . However, the most striking component of the eye movement trace in normal subjects was a large horizontal deviation with a quasi-sinusoidal waveform. It was obvious that all normal subjects tended to slowly shift their eyes in the direction opposite to that of chair rotations; that is, in the direction of illusory head rotations (see the figure) .
The percent variance of the eye movements accounted for by the fundamental harmonic was 77 ± 13%. Therefore, horizontal eye deviations had a reasonable sinusoidal shape, allowing us to apply Fourier analysis and to use the fundamental frequency for estimation of the gain and phase of eye movements. The phase of the fundamental harmonic (F0) was not exactly 180° and ranged between 118 and 164° (mean 139 ± 16°). Thus, there was a slight anticipation of eye deviations relative to the actual head-on-trunk rotations. The gain of the F0 ranged between 0.25 and 0.85 (mean 0.49 ± 0.18). The mean eye-in-orbit position (with respect to the head sagittal plane) for normal subjects during two cycles of slow chair rotations in darkness was 1 ± 8°. LBD patients displayed perceptual responses and eye movements similar to those of normal subjects (see the figure) . Both verbally and using the artificial model of head and trunk they indicated a percept of head rotation in space (30 to 60°). The percent variance of the eye movements accounted for by the fundamental harmonic was 70 ± 4%. The gains of the F0 for the two LBD patients were 0.51 and 0.32, and the phases were 107° and 117°. For LBD patients, the mean eye-in-orbit position during two cycles of slow chair rotations in darkness was -1 ± 3°.
In contrast to normal subjects, RBD patients demonstrated either eye movements in the direction of trunk rotation (opposite to the normal response) or no significant eye deviations altogether (see the figure) : the gain of the F0 ranged between 0.08 and 0.78 but the phase (-9 ± 21°) was opposite to that of the normal subjects. Percent of total variance of eye movements explained by the fundamental harmonic was relatively small for RBD patients (49 ± 14%). It is worth also noting that, on average, neck-induced eye movements were symmetrically distributed to the "left" and "right" and thus the mean eye-in-orbit position (-2 ± 7° across the five patients) was not biased toward the ipsilesional side.
RBD patients reported rather inconsistent perceptual responses, which are summarized in table 2. Two of them (Patients 1 and 5) reported alternating head rotations in space; however, their perception was sometimes asymmetrical and the subjective amplitude was smaller than that of the normal subjects.
Another patient reported (and showed it by manipulating the cut-out figure of the head and trunk) paradoxical head rotation only to the left (see table 2, Patient 3, trial 1). Strikingly, two patients reported no motion at all (Patient 2 and 4). 
Discussion.
The results demonstrated that passive head-fixed cervical rotation in darkness produced distinct effects on oculomotor responses in normal subjects and patients with unilateral cerebral lesions. Eye movements in the direction of illusory head rotations were typical for normal subjects and for LBD patients. On the contrary, RBD patients did not display such a behavior: they showed either opposite eye movements or no eye deviations altogether (see the figure) . Furthermore, RBD patients displayed difficulties in constructing a stable internal representation of changes in body-in-space configuration that occurred during cervical stimulation in darkness (see table 2 ). In contrast, normal subjects and LBD patients clearly reported an illusory head rotation in space.
Sensory signals related to passive externally induced head movements are different from those induced by active self-generated voluntary head rotations as they are not accompanied by corollary discharge. Nevertheless, cervico-ocular responses in darkness might reflect the inherent mechanisms of the gaze control system. In normal subjects, orienting eye movements in the direction opposite to trunk rotation (see the figure) likely reflect natural eye-head coordination mechanisms. These movements can be considered as anticipatory in the sense that they constantly anticipate future gaze direction during cervical stimulation. Neurophysiologic studies in primates confirm the existence of cortical networks for synergetic eye-head-trunk behavior. For instance, the direction of saccades evoked by electrical microstimulation from intercalated zone of posterior parietal cortex is significantly influenced by static head-on-trunk position: shifting the head to the right displayed the goal zone to the right, and, conversely, shifting the head to the left moved the goal zone to the left. 21 RBD patients failed to show eye deviations in the direction opposite to trunk rotation, in addition to their perceptual difficulties. The lack of a stable internal representation of head motion in RBD patients might directly account for the lack of reorienting eye movements. Alternatively, the impairment of some common neural pathways could affect both perceptual responses and eye movements. Two RBD patients (Patients 1 and 5, table 2) perceived alternating head rotations in space (Patient 5 did not show anymore clinical signs of neglect;table 1) although they did not display "anticompensatory" eye movements in the direction of head relative to trunk rotations. Therefore, the absence of anticompensatory eye movements during cervical stimulation in darkness might reflect the lack of orienting responses in RBD patients.
Anticipatory space-oriented ocular reactions 14, 15, 22, 23 belong to phylogenetically old neural mechanisms and are probably related to directed attention within extrapersonal space. It has been suggested that, in human brain, a functional asymmetry for attentional/intentional systems exists such that the right cerebral hemisphere may direct the eyes toward either hemispace, whereas the left cerebral hemisphere is limited in its capacity to direct the eyes ipsilaterally. 24, 25 This functional cerebral asymmetry for gaze may be due to an evolutionary loss of attentional mechanisms by the left cerebral hemisphere as language function developed. 24 In addition to a functional specialization for the distribution of directed attention within extrapersonal space, the right cerebral hemisphere of dextrals may act as a distributed sensorimotor interface for anticipatory coordinating gaze behavior.
